We report what is believed to be the f irst demonstration of soft-x-ray interferometry of a plasma with a tabletop soft-x-ray laser. A Lloyd's mirror interferometer was used in combination with a very compact l 46.9 nm capillary-discharge-pumped laser to map the electron density in the cathode region of a pinch plasma. © 1999 Optical Society of America OCIS codes: 140.7240, 170.7440, 120.3180. Interferometry using optical lasers is a powerful technique for the diagnostics of plasmas that provides time-resolved two-dimensional maps of the electron density. However, free -free absorption and refraction of the probe beam limit the maximum electron density, plasma size, and plasma density gradients that can be probed with optical wavelengths. The development of soft-x-ray lasers has opened the possibility of extending plasma interferometry to shorter wavelengths, significantly expanding the range of plasma parameters that can be probed. Recently, a 15.5-nm Ne-like Y laser pumped by the Nova laser at Lawrence Livermore National Laboratories was used in combination with a skewed Mach -Zehnder interferometer to probe very high-density laser-created plasmas.
Interferometry using optical lasers is a powerful technique for the diagnostics of plasmas that provides time-resolved two-dimensional maps of the electron density. However, free -free absorption and refraction of the probe beam limit the maximum electron density, plasma size, and plasma density gradients that can be probed with optical wavelengths. The development of soft-x-ray lasers has opened the possibility of extending plasma interferometry to shorter wavelengths, significantly expanding the range of plasma parameters that can be probed. Recently, a 15.5-nm Ne-like Y laser pumped by the Nova laser at Lawrence Livermore National Laboratories was used in combination with a skewed Mach -Zehnder interferometer to probe very high-density laser-created plasmas.
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The amplitude-division interferometer used in those pioneering experiments was implemented by use of thin multilayer beam splitters and multilayer-coated mirrors developed for that wavelength. The advent of gain-saturated discharge-pumped tabletop soft-x-ray lasers 3, 4 and the development of several saturated 5 or nearly saturated 6, 7 soft-x-ray lasers pumped by relatively compact optical lasers will allow the probing of a great variety of dense plasmas. However, multilayer beam splitters cannot be developed for the wavelengths corresponding to some of these lasers at present, owing to the lack of materials with adequate optical constants. Alternatively, amplitude-division interferometers based on diffraction gratings 8 and wavefront-division interferometers 9, 10 have been discussed. Recently, a Fresnel bimirror wave-front-division softx-ray interferometer was demonstrated 10 and was used in combination with a 21.2-nm Ne-like Zn laser to probe surface defects induced by an intense electric field.
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In this Letter we report what we believe to be the first use of a tabletop soft-x-ray laser in plasma interferometry. We have utilized a very compact l 46.9 nm capillary-discharge-pumped tabletop soft-xray laser in combination with a Lloyd's mirror 12 to probe the cathode region of a pinch plasma with subnanosecond time resolution. The maximum plasma electron density n e and size L that can be probed with this laser are significantly larger than those accessible with the fourth harmonic of a Nd : YAG laser at l 265 nm (free -free absorption,~n e 2 L, is significantly smaller at 46.9 nm, e.g., ഠ36 times smaller for a plasma with an electron temperature T e 100 eV). Moreover, larger plasma gradients can be probed at this short wavelength owing to the reduction of ഠ30 times in the refraction angle. A Lloyd's mirror is the simplest possible wave-front-division interferometer, and because it is based on a grazing-incidence ref lection it is particularly well suited for soft-x-ray interferometry. To implement this interferometer scheme one positions a mirror at a grazing-incidence angle d to intercept part of the beam emitted by a coherent source.
As illustrated in Fig. 1 , the interference arises from the superposition of the fraction of the beam ref lected in the mirror and the beam that propagates directly from the source. The interference pattern can be described as resulting from the interference of the radiation emitted by a point source S and its virtual image S 0 .
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We formed S by focusing the soft-x-ray laser beam with a concave mirror. The interfringe separation DI at the detector plane is
where b is the distance between S and a generic location on the Lloyd's mirror, c is the distance from that location to the image plane, and d 2b sin d is the distance between the two interfering sources, S and S 0 . The object under study (in our case the plasma) is placed in the laser beam path in such a way that it intercepts only part of the beam, leaving the rest unchanged for use as the reference beam. The object location with respect to the curved mirror and the distance between the mirror and the detector are chosen so that a real image with the desired magnif ication at the detector plane is obtained.
The setup of the entire experiment is shown in Fig. 2 . The 46.9-nm soft-x-ray laser beam was produced by excitation of a 4-mm-diameter 16.4-cm-long capillary channel in polyacetal filled with ϳ600 mTorr of Ar, with a fast current pulse of ഠ37-kA peak amplitude and a 72-ns first half-cycle duration. 4 The laser emits pulses of up to 25 mJ in energy and 0.6 -0.7-ns duration. Under these discharge conditions the laser beam has a divergence of ഠ5 mrad and is spatially coherent within a cone having a full angle of at least 0.5 mrad. 13 We selected the distance between the laser and the plasma, ഠ2.4 m, to have a spatial-coherence length larger than 1.2 mm at the plasma location. We used a spherical mirror having a radius of curvature R 60 cm at near-normal incidence to image the plasma on the detector and to generate focalized source S. An auxiliary f lat mirror relayed the image onto the detector. The mirrors were both fabricated by coating of superpolished substrates with Sc -Si multilayers. 14 The ref lectivity of these multilayer mirrors is ഠ34% for normal incidence at 46.9 nm, with a bandwidth of ഠ4 nm. 14 We fabricated the Lloyd's mirror by cleaving a polished Si wafer to obtain a strip 2.5 cm wide and 18 cm long. The detector was composed of a microchannel plane (MCP), an Al-coated phosphor screen, and an image intensifier followed by a 1024 3 1024 CCD array. Gating the microchannel plate during ഠ5 ns in coincidence with the arrival of the laser pulse on the detector reduced the background signal caused by the plasma self-emission. The distance from the spherical mirror to the center of the Lloyd's mirror was 43.7 cm. The distance from the center of the Lloyd's mirror to the detector was 632 cm. The plasma was placed at 31.4 cm from the curved mirror and imaged with a magnification of 21.53 onto the detector. We placed the Lloyd's mirror at an incidence angle of ഠ1.4 mrad to obtain an interfringe separation corresponding to a distance of 38 mm at the object plane.
The plasma that was studied was the cathode region of a pulsed discharge. The discharge was produced between two main electrodes, a grounded planar stainless-steel anode and a Cu cathode shaped in the form of a 5-mm-long knife edge (2HV in Fig. 2 ). The electrode separation was 4 mm. A predischarge between a third auxiliary electrode (1HV in Fig. 2 ) and the anode produced through an evacuated polyacetal capillary channel injected material ablated from the walls of the channel into the space between the main electrodes. A pinch plasma was subsequently generated in the proximity of the cathode by an ഠ30-kA 1.8-ms half-period discharge-current pulse produced by discharge of a 3.2-mF capacitor across the main electrodes through a triggered spark gap. A vacuum photodiode was used to monitor the VUV and softx-ray radiation emitted by the plasma in every shot. The time at which the pinch occurred was identif ied by a pronounced peak of ഠ150-ns duration in the photodiode signal. Emission spectroscopy showed that the plasma contained C and O ions (ionized up to O V) resulting from material ablated by the precursor discharge and Cu ions arising from vaporization of the cathode. The spectra were dominated by lines of O IV -O V and contained lines of Cu III and Cu IV. The extent of the plasma along the path of the probe beam (parallel to the cathode's edge) was estimated to be L ͑1.9 6 0.3͒ mm from the size of the soft-x-ray emitting region of the plasma, measured in an auxiliary plasma-imaging experiment. Figure 3 shows a set of two interferograms. The top image corresponds to a reference shot where no plasma was present. The shadow of the cathode electrode of the discharge is observed at the right of the interferogram. The interference fringes created by the Lloyd's mirror cover the central part of the image and are distinguished as equally spaced fringes with a visibility of ഠ40% in the central zone. The unevenly spaced fringes at the bottom of the interferograms have signif icantly lower visibility and are caused by diffraction of the laser beam on the edge of Lloyd's mirror. The bottom part of Fig. 3 is an interferogram of the plasma obtained 160 ns after the time of maximum soft-x-ray emission by the plasma. The shadow of the cathode is no longer clearly visible because of the plasma selfemission; nevertheless, the fringe visibility remains good. The distortion of the fringes reveals the presence of a high-density plasma close to the cathode tip.
The plasma density was computed from the measured fringe shifts, assuming that the plasma is uniform along the probe path. The elongated shape of the plasma along the cathode's edge and the relatively uniform intensity of soft-x-ray self-emission along the probe path provide some justification for this approximation. The fringe shift, DF, is determined by
, where x is measured along the probe beam. The index of refraction of the plasma h relates to the electron density, n e , as h ͑1 2 n e ͞n ec ͒ 1/2 , where n ec 5 3 10 23 cm 23 is the critical density for 46.9-nm radiation. Figure 4 shows the twodimensional electron-density prof ile resulting from the analysis of Fig. 3 . The denser part of the plasma concentrates mostly in a region within 300 mm of the cathode. The peak measured value of the electron density is ͑0.95 6 0.30͒ 3 10 19 cm 23 and occurs at a distance of ഠ120 mm from the cathode edge. In summary, we have realized what we believe to be the first demonstration of soft-x-ray interferometry utilizing a tabletop laser. This is also the first time to our knowledge that a wave-front-division soft-x-ray interferometer has been used for plasma diagnostics. These results may lead to the use of tabletop soft-x-ray lasers in probing a great variety of dense plasmas.
